A gene encoding a putative 2[4Fe^4S] ferredoxin (FdxA) was identified upstream of, and divergent to the peroxide stress defense gene ahpC of the microaerophilic pathogen Campylobacter jejuni. The transcription start site of fdxA was located 27 and 28 bp upstream of the fdxA start codon. Transcriptional fusions of the fdxA promoter to a lacZ reporter gene demonstrated that expression of fdxA is ironinduced, and thus oppositely regulated to the iron-repressed ahpC gene. Insertional mutagenesis of the fdxA gene did not affect microaerobic growth of C. jejuni, but significantly reduced aerotolerance of C. jejuni. The fdxA gene is the first reported iron-induced gene of C. jejuni, and encodes a novel component of its oxidative stress defense. ß
Introduction
Campylobacter jejuni is a major cause of bacterial gastroenteritis in humans, and is considered to be a major public health and economic problem [1] . C. jejuni is a microaerophilic organism, and thus has to cope with oxidative stress imposed by reactive oxygen species (ROS). ROS can be formed during normal (micro)aerobic metabolism, during transmission when the cells are exposed to atmospheric oxygen concentrations, or during contact with the human immune system. ROS have the ability to damage DNA, proteins and lipids, and cells have oxidative stress defense mechanisms to inactivate ROS [2] . C. jejuni contains three proteins active in ROS inactivation: the iron-containing superoxide dismutase SodB [3^5] , and the peroxide stress defense proteins catalase (KatA) [6] and alkyl hydroperoxide reductase (AhpC) [7] . The C. jejuni peroxide stress defense genes katA and ahpC are repressed by PerR in response to iron, whereas regulation of SodB expression has not yet been described [7, 8] . Both the SodB and the AhpC proteins are involved in the survival of Campylobacter under atmospheric oxygen concentrations. A Campylobacter coli sodB mutant displayed markedly decreased survival under aerobic conditions [5] , and reduced resistance to oxidative stress induced by freeze-thawing [9] . Similarly, a C. jejuni ahpC mutant also showed reduced survival under aerobic conditions [7] .
Examination of the nucleotide sequence downstream of the ahpC gene [7] revealed the presence of motility-associated genes (C. Matz, A.H.M. van Vliet, J.M. Ketley and C.W. Penn, unpublished results), and upstream of ahpC we found a gene encoding a putative ferredoxin (designated fdxA). In this study we have characterized the transcriptional organization and regulation of fdxA, and we show that mutation of fdxA reduces C. jejuni aerotolerance. [10] at 37³C. Plasmids used were pBluescript II SK-(Stratagene), pAV35 [11] and pMW10 [12] . Antibiotic selection in E. coli and C. jejuni was done by supplementing media with kanamycin (50 Wg ml 31 ), chloramphenicol (20 Wg ml 31 ) or ampicillin (100 Wg ml 31 ) as appropriate.
Materials and methods

Construction of transcriptional lacZ fusions
Transcriptional lacZ fusions were created by using the Campylobacter^E. coli shuttle vector pMW10 [12] . This plasmid contains a Campylobacter origin of replication, a kanamycin resistance gene and a promoterless lacZ reporter gene preceded by a polylinker with a unique BamHI site for insertion of DNA fragments containing putative promoter sequences. The ahpC^fdxA intergenic region was PCR-ampli¢ed from C. jejuni strain 81116 using Expand polymerase mix (Roche Diagnostics), checked by sequencing for the absence of incorporation errors, and cloned in both orientations into the BamHI site upstream of the promoterless lacZ gene in pMW10. This resulted in constructs pAV197 (ahpC: :lacZ) [7] and pAV198 (fdxA: : lacZ). As C. jejuni 81116 does not accept plasmid DNA isolated from E. coli [13] , reporter plasmids were transformed into C. jejuni strain 480 using electroporation [14] . The presence and identity of the reporter plasmids in C. jejuni transformants was veri¢ed by PCR and restriction enzyme analysis. L-Galactosidase activity was determined from cultures grown in iron-restricted or iron-replete MH broth for 7 h at 37³C using standard protocols [7, 12, 15] . Statistical evaluation of L-galactosidase activity data was done using the Student's t-test.
Recombinant DNA techniques
The transcription start site of the fdxA gene was determined by primer extension as described previously [7] , using the primer 5P-CGATAGCACTCACTGGACAC. Mutation of the fdxA gene was performed by inserting the BamHI-cut chloramphenicol resistance cassette from pAV35 [11] into the unique BclI site in the fdxA coding sequence. The mutated gene was transformed into C. jejuni 81116 by electroporation, and subsequent mutants were selected for chloramphenicol resistance. Correct replacement of the wild-type fdxA gene with its mutated version was con¢rmed by PCR and Southern hybridization (not shown).
Oxidative stress and aerotolerance assays
Resistance to the peroxide stress inducers cumene hydroperoxide and H 2 O 2 was determined using a disk inhibition assay as described previously [7, 8] . The aerotolerance of C. jejuni was assayed by splitting 24-h-old stationary phase cultures of C. jejuni 81116 and AV51 into two culture £asks, and shaking these cultures at 200 rpm under either atmospheric aerobic conditions or under microaerobic conditions at 37³C. Samples were removed every 2 h, diluted, and spotted onto agar plates to assess viability [7] .
Results
Identi¢cation of the C. jejuni fdxA gene encoding a putative ferredoxin
Examination of the sequence upstream of the ahpC gene of C. jejuni strain 81116 on plasmid pMLB4.2 [7] revealed the presence of a small open reading frame (ORF) divergent of ahpC (Fig. 1) . This ORF encoded a putative protein of 94 amino acids with a predicted molecular mass of 9.9 kDa. Comparison of this protein with sequences deposited in the GenBank sequence database indicated signi¢cant homology to the family of 2[4Fe^4S] ferredoxins (Fig. 2) , and thus the gene was designated fdxA. The fdxA gene is identical to the Cj0333c gene in the annotated genome sequence of C. jejuni strain NCTC11168 [16] . Downstream of the fdxA gene, with an intergenic space of 113 bp, a partial ORF lacking a stop codon was detected. Comparison with the C. jejuni NCTC 11168 genome sequence [16] showed this is to be a ndk gene encoding a nucleoside diphosphate kinase homolog [17] . The intergenic region between fdxA and ndk contained a strong putative stem^loop structure with a stem of 15 paired nucleotides, a loop of eight unpaired nucleotides, and a free energy of 319.6 kcal at 25³C (indicated in Fig. 1 ). This stem^loop structure is likely to function as a transcriptional terminator, and suggests that the fdxA gene is transcribed as a monocistronic messenger RNA.
Characterization of the iron-induced fdxA promoter
The transcription start site of the fdxA gene was determined by primer extension. This gave a double band of equal intensity representing the nucleotides A and T, 27 and 28 bp upstream of the fdxA start codon, respectively (Fig. 3A) . The transcription start site of fdxA is a similar distance from its ATG start codon to that observed with ahpC (31 bp) [7] . Upstream of the transcriptional start site of fdxA there were sequences resembling the C. jejuni c 70 consensus sequence [12] , and also two putative stem^loop structures which partially overlap with the putative 335 region which might be involved in regulation of fdxA transcription (Fig. 3B) .
The divergently orientated ahpC gene has previously been demonstrated to be repressed by iron [7] . The in£uence of iron on transcription from the putative fdxA promoter was investigated using a lacZ-based reporter gene system [7, 12, 15] . As demonstrated previously, expression of ahpC was approximately threefold repressed by iron (P = 0.0025) (Fig. 4) [7] , whereas expression of fdxA was approximately threefold induced by iron (P = 0.001) (Fig. 4) .
Mutation of fdxA a¡ects C. jejuni aerotolerance
A C. jejuni 81116 fdxA mutant was created by inserting a chloramphenicol resistance cassette into the unique BclI restriction site of fdxA (Fig. 1) , followed by allelic replacement of the wild-type fdxA gene with the interrupted gene, resulting in C. jejuni strain AV51 (81116 fdxA: :Cm r ). C. jejuni AV51 grew identically to the wild-type strain in normal media, in iron-restricted media and iron-su¤cient media (not shown). To investigate a possible link between fdxA and oxidative stress mechanisms, we investigated the resistance to the peroxide stress inducers cumene hydroperoxide and H 2 O 2 of fdxA mutant AV51. Resistance to either compound did not di¡er between wild-type C. jejuni 81116 and fdxA mutant AV51. However, the aerotolerance of the fdxA mutant was signi¢cantly a¡ected (Fig. 5) , and to an extent similar to that observed with the C. jejuni ahpC mutant [7] . Although the onset of bacterial cell death varied considerably in each experiment, the loss of viability of the fdxA mutant started invariably v2 h earlier than that of the wild-type bacteria (Fig. 5) . Growth of the strains under microaerobic conditions did not result in loss of viability (not shown).
Discussion
Iron plays a central role in gene regulation of C. jejuni, as important systems responsible for iron acquisition and peroxide stress defense are repressed by iron [7, 8, 11, 18, 19] . The fdxA gene, encoding a putative ferredoxin, is the ¢rst known example of an iron-induced gene in C. jejuni. Ferredoxins are small iron^sulfur proteins which can be divided into several subclasses based on the number of Fe^S clusters, with the two major classes being the [2Fe^2S] and [4Fe^4S] ferredoxins [20] . They function as electron carriers in a wide variety of metabolic reactions such as photosynthesis, nitrogen ¢xation and degradation of aromatic compounds [20] .
Our studies demonstrate a function for FdxA in oxidative stress defense of C. jejuni, as aerotolerance of the fdxA mutant was clearly reduced (Fig. 5) . However, unlike in the C. jejuni ahpC mutant [7] , we did not ¢nd a reduction in peroxide stress resistance of the fdxA mutant, and thus we cannot predict at which aspect of oxidative stress resistance the FdxA protein is involved. Nevertheless, it is tempting to speculate that given the absence of an AhpF homolog in C. jejuni [16] , FdxA might be involved in reducing the AhpC protein. In other bacteria AhpF reduces AhpC which becomes oxidized when inactivating alkyl hydroxide peroxide compounds [21] . Although we cannot exclude a polar e¡ect of the insertion of the chloramphenicol cassette on the downstream ndk gene, this gene has not been implicated in oxidative stress defense [17] . In addition, the presence of a putative transcriptional terminator in the intergenic region between fdxA and ndk is likely to prevent transcriptional readthrough from either fdxA or cat.
In conclusion, it is likely that FdxA plays an important role in survival of C. jejuni on food sources, and in the environment. The FdxA protein is a novel component of the oxidative stress defense of C. jejuni, and further unraveling of the regulation and mechanisms of oxidative stress resistance of C. jejuni will give insight into the metabolism of this important pathogen. Fig. 4 . Expression from the fdxA promoter is induced by iron at the transcriptional level. L-Galactosidase assays of C. jejuni transformants containing transcriptional fusions of metK [12] , fdxA and ahpC [7] promoters to the lacZ reporter gene of pMW10, grown under iron-restricted and iron-su¤cient conditions. A negative control C. jejuni transformant containing pMW10 without insert is included. Error bars represent standard error of the mean, and are derived from three separate experiments. 
